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oped shorelines. It was anticipated thal atmospheric emissions
would provide z regional Pb distribution aad dominate the
anthropogenic Pb flux to the small lakes. whereus direct dis-
charges and proximity of indusiry to the Great Lakes would
preserve tocal, point discharges.

EXPERIMENTAL METHODS
Sample Selection

Sediment cores were chosen from Great Lakes basins with well-
established. high sedimenrtation rates which allows the age of sedi-
ment deposition ta be determined most accurately (Eadie and Rob-
bins, 1987). Cores selected (Fig. 1) included wo from the eastern
basin of Lake Eric (cotlected in 1991 and 1988), ane from the Roch-
ester basin of Lake Onlario coliccled in 1991, and one cotlected from
the southeastern basin of Lake Michigan in 1980. After conng, the
sediment samples were seclioned, freeze-dried, ground, and stored in
cither polyethylenc or glass vials. 2°Pb and "“Cs were used to date
the time of sediment deposition in (he Great Lake cores using the
analytical method and mathematical formulations described in Rob-
bing (1978) and Robbins and Eadie (1991). The mathematical models
of sediment deposition unilized in ths study accouant for vaciable sed-
imentation fates, post-depositional sediment mixing, and compaction.
Examples of **Pb diswribution in Great Lakes sediment on which the
sediment depasition models are based are reported in Eadie and Rob-
bins (1987).

The sediment from small lakes was obrained from archived ma-
terial from the PIRLA investigaton of recent lake acidification
(Whitehead et al., $990): and included core samples from Lake An-
drus (Tocated in the upper peninsula of Michigan) and Deep Lake
(located in the Adirondack Movuntains in upper New York state) col-
lected in 1984 (Fig. 1. The collection, focation, determination of ime
of sediment deposition, characteristics of the drainage basins, and
distribution of tracc clements in the sediment cores from the small
lakes was described in Kingston et al- (1990), Charfes <t al. (1990).
and Noston ct al. (1992). Lake Andrus and Deep Lake sre scepage
lakes with uadeveloped catchments and shorelings.

Analytical Procedure

Becausc the purpose of this study was to invesiigate anthrapogenic
Pb additons o sediment throughout the Great Lakes region: a pro-
cedure was nceded to extract the anthropogenic component prefer-
enhially from the weal Pb contained in the sedimend. Shirahata et af.
(1980) and Ng and Paterson (1982) demonstraled that the anthro-
pogenic Pb compounent in sediments tan be separated {rom total Pb
by a dilute acid leach. The dilute acid leach wilf solubifize Pb sorbed
to biological debris and ferromangancse films und leave behind re-
sidual Pb within the structure of silicate minerals. More efsborute
dissalution procedures have been used in other studies to separale
the lcuchable Pb from the more refractory component of Pb. The
sequential exiraction procedure of Tessier < al. (1979) 1 commonly
used, because it allows opérationally defined exchangeable, carbon-
ate-bound, Mn and Fe pxide-bound, vrganic and tesidual trace metal
components 10 be determined: and Whue and Gubala (1990) dem-
onsirated the uulity of this digestion procedure on sediment from
Deep Lake. The chemicals needed (or this procedure, however, are
not readily available ia the purity needed for analysis of lead isotopic
ratios. Instead, extraclions were made using quartz- and Tefon.dis-
tilled acids (acetic, nitric, hydroftuoric, and hydrochloric) to test acid
steength vs. amonnt of Pb leached on a set of duplicate samples from
the same interval of the Lake Ede 1988 sediment core using the
fotlowing protorol.

Dissolution of sediment samples taok place within Class-100 elean
rooms. Samples (3-10 mg) were placed in 1.5 mi polypcopylence
centrifuge tubes and ) mi of acid was added. The tubes were placed
in a closed ultrasonic bath for 90 minutes (he temperacure of the acid
extract reached 40-45°C). The tubes and contents were allowed o
coo) ovemight, and then centrifuged a¢ 13,000 rpm for |0 minutes
the following day.

For determination of lead isotopic ratios, the olution in the cen-
trifuge tubes was separated from the remaining sediment using mi-
cropipettes and placed into 1§ ml Feflon beakers for subsequent pu-
rification. The Pb was sepacated from other ¢lements using sequential
HC)-HBy column chromatography with AG X8 anion excharge
resin: 2nd loaded onto single, zone-rehiaed Re Alamens using phos-
phoric acid and silica gel. Isotopic ratos were determined by salid-
source thermat ionization mass spectromelry using a VG Sector
MULTT 1 mass spectrometer equipped with six Faraday collectors.
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Lead analyses were corrected for fractionation (0.11% per asm.u.) by
repeated analysis of the NBS 981 standard. The full provedural biank
contained a maximum of 50 picograms of Pb whereas a typical
1ozded filament conlained 200 nanograms of Pb extracred from sed-
iment.

Lead concentrations were determined by [CP-MS (Perkin Elmer
modet ELAN 5600), Checks on Pb concentrations were made with
isotop: dilution using 3 **Pb spike (agreement between he (wo
methods was £5%).

As the resulrs in Table | demonstrate, the stengih and combination
of acids used to extract part of the Pb from the samples had hide
cffect on the concentrations and lead isotopic ratios obtained. The Ph
concentrations and isotopic ratios obizined are remarkably consistent
and indicate that the reservoir containing acid soluble Pb ia the sed-
yment was homogencous. Lead released from the structuses of silicate
minerals was isotopically distinct from that released from other sites,
as tndicated from the lead isatopic ratios obrained from the dissolu-
tion of the residvue with HF. These daia do not prave that oaly an-
thropogenic Pb is temoved during leaching, bot does demonstrate
that a dilute acid leach releases Pb from different Pb reservoirs than
toral sediment dissolution. Most of the Pb released by the dilute acid
feach of freshwater lake sediments is probably desorbed from iron
oxyhydroxide sucfaces (Erel et al., 1990; Mantei and PFoster, 1991)
as demonstrated experimentally by Davis and Galloway (1993) on
lake sediment from the Adirondack Moun(ains.

Based on the resulis of the leaching study, the 1 N HNO; + .75
N HCI acid mixcure was chosen (0 preferentially exeract anthropo-
genie Ph from lake sediment (following the analytical protocol pre-
viously outined). Lead isotepic ralios, concentrations, and mean age
of sediment deposition for the intervals of sediment analyzed are
presented in Table 2. More samples were analyzed (rom the Lake
Erie cores than the others because the high sedimentation rate in the
eastern basin of Lake Ene allowed for the best resalution of time of
sediment deposition.

RESULTS AND DISCUSSION
Natural Sources of Pb to Lake Sediment

The dominant sources of natural Pb in the Great Lakes
region are associated with erosion inctuding direct erosion of
glacial deposits and rocks exposcd along bluffs and shorelines
surrounding the lakes as well as wind blown dust and fluvial
inputs from rivers (Kemp and Dell, 1976; Kemp et al., 1977,
Ritson et al., 1994). Bedrock geology around and under the
Grear Lakes basins varies in age and rock type (Fig. 1), as
does the thickness and composition of the glacial deposits
overlying the bedrock. The rates and type of ecosion expeni-
enced by the different rock types and glacial deposits affects

Table 1. Sediment Leaching Experiment

the isotopic composition of the Pb incorporated into the lake
scdiment. Rock erosion resulting in wotal rock dissolution
would rclease Pb reflecting the history of U/Th/Pb fractiona-
tion in the hiost rocks and their precursors in the Great Lakes
region (Fletcher and Farquar, 1977; Frankiin et al., 1983 Far-
quar ot al., 1987) as well as Pb produced subsequently from
the radioactive decay of Th and U (Dewolf and Haliday.
1991). However, partial rock dissolution could release radi-
ogenic Pb preferentially from metamict U and Th rich min-
erals resulting in preferential incorporation into lake sediment.
Both scestarios result in the-tncorporation of Pb in sediment
with isotopic ratios more radiogenic than those reflecting the
time of rock formation (Ere] ¢t al., 1990, 1991). Likewise the
development of soil incorporates Pb of moce radiogepic com-
position than precursor rock (Chow, 1970; Gulson et al.,
1981 Keinonen et al., 1992; Puchelt et al., 1993). This labile,
radiogenic Pb can be subsequently incorporated into plants
dunng growth and ultimately be deposited with organic mat-
ter in lake sediment.

The 1sotopic ratios and concentrations of Pb from the 1991
Lake Erie core are remarkably constant prior to approximately
1860 and less so after 1860 (Fig. 2 and Table 2). The con-
stancy of the isotopic ratios and concentrations prior f0 1860
probably represents the natural (background) component of
leachable Pb in the sediment. This age agrees well with the
appearance of Ambrosia (ragweed) pollen in other Great
Lakes sediment cores (Robbins et al., 1978). The appearance
of Ambrosia is believed o be associated with settlement in
the Great Lakes region, and as such is often used as a marker
horizon indicating the stant of anthropogenic perturbation of
the sediment record. Results from this study indicate additions
of anthropogenic Pb to the background component can also
be recognized by increased Pb concentrations and changes in
15otopic ratios preseat in all sediment cores.

The lead isotopic ratios of sediment deposited prior to 1860
are slightly different for each sediment core (Table 2) due to
different sources and processes which sequester Pb in indi-
vidual basins. It is not necessary to have similar background
lead 1sotapic ratios in each sediment core in order to quantify
anthropogenic Pb additions, rather it must be demonstrated
that the background component in the locations from which
the cores were sampled is homogeneous. We have done so

Laad lsotope Ratos

Pb conc.

Acid Strengihs eoeren TP P PP TP PD P PD  (bpm)
N Acetc 2.050 0.8a28 18.77 15.64 38.49 20.4
N HC) 2.051 08325 18.78 1583 38.50 332
1N HNO, 2.052 08327 18.78 15.65 38,57 329
1.75N HNO, + 3N RC! 2049 0.8318 18.79 15.63 385¢ 33
6N HCI 2.050 0.8320 18.81 15.64 38.56 321
7N HNO, 2050 08315 18.81 15.64 38.57 322
Aqua Regia 2050 08316 1881 15.64 2856 3286
HF Laach of rasiduum 2.064 08378 1856 15.55 3830 a2
2 g Std. Dev 0.002 0.0005 0.02 0.02 0.07

€aeh set of measurements was made aher leaching 10 my subsplits of a sample from 40
cm depih from (ne 1988 Lake Ene Core. exceplthe HF teach, which was the residuum

from the aqua (e feach,















